Abstract. Geological and pedological processes rarely form isotropic media as is usually assumed in transport studies. Anisotropy at the Darcy or field scale may be detected directly by measuring flow parameters or may become indirectly evident from movement and shape of solute plumes. Anisotropic behavior of a soil at one scale may, in many cases, be related to the presence of lower-scale directional structures. Miller similitude with different pore-scale geometries of the basic element is used to model macroscopic flow and transport behavior. Analytical expressions for the anisotropic conductivity tensor are derived based on the dynamic law that governs the flow problem at the pore scale. The effects of anisotropy on transport parameters are estimated by numerical modeling.
identified layering at the Darcy scale as the cause of macroscopic saturation-dependent anisotropy, leading to comparable results. Anisotropy at the pore scale, however, is rarely considered, except in some conceptual models assuming that the void system behaves as a bundle of capillary tubes [Bear et al., 1987] and in works based on percolation theory [Friedman and Seaton, 1996] . Upscaling of anisotropy of the pore structure yields a different macroscopic behavior when compared to upscaling anisotropy of the correlation structure.
The present study complements the findings of Bear et al. [1987] using fixed microscale principal directions for capillary flow. We will consider three different scales: the pore scale, the scale of the representative elementary volume (REV), as defined by Hubbert [1956] and Bear [1972] , and the field scale. At the pore scale we consider the porous medium as an ensemble of pores embedded between particles. We introduce three anisotropic configurations of the void space: one in which only the density of the pores in the flow cross sections is anisotropic, one in which only the distribution of their diameters is anisotropic, and another in which density and pore size distribution are both anisotropic. Then, we derive the anisotropy factor of the conductivity tensor. Upscaling properties of the pore scale over a basic volume define the properties of the REV. The structure of the soil at the field scale is defined by a heterogeneous domain consisting of many REVs. We assume that the different basic elements of the heterogeneous medium are geometrically similar according to Miller and Miller [1956] . Heterogeneity then is the result of a random distribution of the Miller scaling factors. It is assumed that the correlation structure of the Miller scaling factors is isotropic. We evaluate transverse and longitudinal dispersivity by numerical simulation. Finally, we show the effect of anisotropy on transport by evaluating the ratio between the dispersivity of an anisotropic medium and the dispersivity of the corresponding isotropic medium for different water fluxes.
URSINO ET AL.: UNSATURATED MILLER-SIMILAR POROUS MEDIA
2. Theory
Upscaling Procedures for the Anisotropic Conductivity Tensor
The REV is an operational definition which implies that the physical properties of the porous media at a scale smaller than that of the REV affect macroscale processes only in a statistical sense. As a consequence, any continuum model, being based on the characterization of the REV, relies on the assumptions regarding the subscale soil structure and the dynamics of fluids at the Pore level. It is obvious that size, shape, and arrangement of solid particles, varying from soil to soil, have a profound impact on flow and transport. In this section we discuss the applicability of the scaling procedure developed by Miller and Miller [1956] to anisotropic media. We then present three different idealized anisotropic structures, and we derive the macroscopic anisotropy factor of the corresponding REVs.
Miller similitude is a physically based algorithm for defining scale-invariant capillary processes in unsaturated geometrically similar porous media [Miller and Miller, 1956] . It is based on the physical relationship between mattic potential and pore size. Each REV is geometrically similar to the others and is identified by a characteristic length, that is, the size of grains and pores with respect to some reference element. Scaled relationships are derived assuming that the microscopic behavior of the liquid phase is governed by surface tension and the law of viscous flow. Isotropy of the macroscopic properties of the medium is defined by Miller and Miller [1956] as "a nonessential simplifying assumption." However, it is invoked to justify the assumption of parallelism between driving force and velocity in deriving Darcy's law from the viscous flow equation. We postulate that it is possible to choose the REV scale and the microscopic anisotropy factor in a way that the parallelism between driving force and velocity still holds when a gradient in one or the other of the main directions is imposed.
A crucial assertion of the Miller-scaling procedure is that, given a certain water content, similar elements of the porous medium are in a similar state. The concept of similar state requires postulating invariance of volumetric water content (classical Miller scaling) or invariance of areal pore size distribution (generalized scaling) [Sposito and Jury, 1990] . In the following the pore space distribution is the invariant quantity. Conceptually, the scaling factor applies to a complex system of stream tubes. In the anisotropic case this system has directiondependent average numbers of tubes and/or diameter sizes. We will analyze three different anisotropic geometrically similar microstructures. For each microstructure, at the pore scale, the anisotropy is quantified with a microscopic anisotropy [actor ai, with i = 1, 2, and 3, that represents the ratio between the characteristic length of some geometric variable in the two main directions. At the larger scale the effect of the pore scale anisotropy a i is quantified by the ratio between the conductivities in the main directions (macroscopic anisotropy factors Ai). 
The third model proposed (Figure ld) is a particular case of direction-dependent number of pores and pore sizes. Consider an isotropic reference state and stretch or squeeze it in one direction by a factor a 3-The ratio between the scaling factors of the pore sizes in the two main directions is a3, and the ratio between average number of pores is 1/a 3-The two effects tend to compensate each other partially. The resulting conductivity anisotropy factor has the following form: dency to behave like a "column" system or a "layer system," depending on the direction of the higher conductivity being vertical or horizontal. The term column is inspired mainly by the geometry of the trajectories in a medium that is more conductive in the vertical direction, and the term layer is inspired by the pressure distribution aspect of a medium that is more conductive in the horizontal direction. When the macroscopic anisotropy factor remains constant for different flow rates, a particular soil behaves always either like a column system or like a layer system. When the anisotropy factor depends on the mean pressure, the same medium, for different water flows, switches from a column system at one flow rate to a layer system at another flow rate. In between, at the switching point, it behaves isotropically. In the following we will summarize the main properties of these two different regimes. The capillary pressure head exhibits large-scale structures that differ considerably between the column and the layer system. In the column system the pressure tends to compensate the random distribution of the scaling factors in the vertical direction, leading to large pressure gradients. In the layer system the pressure tends to be constant in the horizontal direction. The trajectories are almost straight and vertical in the column regime and are more tortuous in the layer system as It is important to note that the switching point between the layer and the column system is not identical to the critical point between the "coarse-texture highconductivity" and the "fine-texture high-conductivity" regimes as defined by Roth [1995] . At the critical point the medium behaves almost homogeneously; at the switching point it behaves almost isotropically. Close to the critical point, the effect of anisotropy becomes negligible, since the network structure of the flow channels disappears, and, for the particular boundary conditions considered, the flow field tends to be onedimensional. Far from the critical point, the pore-scale anisotropy has a striking effect on the conductivity, on the topology of the trajectories, and on the transversal dispersivity compared to the corresponding isotropic case, as will be shown in section 3.3.
Dispersivity Ratios
The longitudinal and transversal dispersivity values (equations (12) and (13)) were used to estimate a second index of anisotropy at the field scale: the ratio between the dispersivity evaluated for the anisotropic case and that evaluated for the corresponding isotropic case (assuming a• -1) as stated in (14) In the examined cases the longitudinal dispersivity does not seem to be influenced by variations of the microscopic anisotropy factors at different flow rates (Figures 7 and 8) . In other words, the variability of travel times at a given flow rate seems to be independent of the lateral displacement due to anisotropy. A systematic variation of the transversal dispersivity is induced by anisotropy (Figures 9 and 10) . The dispersivity ratios clearly depend on the value of the macroscopic anisotropy factor A • or A 2. When the macroscopic anisotropy factor is pressure-dependent (A 2), the dispersivity ratio, for decreasing water flux, shifts from values less than i to values larger than 1. In the case A • = 10 it is evident that lower water flux leads to higher tortuosity (Table 1 ) and higher transverse dispersivity ratio (Figure 9 ). When A • = 0.1, because of anisotropy, trajectories are straight vertical (, -i in Table 1) , and the transverse dispersivity ratio does not depend on the water flux (Figure 9) . Water flows in a complex network of channels which have a characteristic length [Roth, 1995] . The periodicity of the transverse dispersivity ratio and the tortuosity of the trajectories can be related to this "channel length." The significant fluctuations of the ratio between transversal dispersivities with depth can be attributed to nonergodicity. For our particular realization the mean trajectory (not shown) is not vertical, when not forced by anisotropy. Deviation depends on anisotropy. In ergodic conditions the transversal dispersivity is proportional to the spreading around the trajectory of the ensemble centroid [Dagan, 1989] . In our case, as a consequence of nonergodicity, dispersivity is partly overestimated with respect to the ergodic case because the center of mass of the plume does not travel vertically along the mean direction of flow. To test this assertion, we computed the variance of displacement around the nonzero mean transversal displacement instead of around the injection point, deriving an "effective transversal dispersivity ratio." This effective transversal dispersivity ratio shows less pronounced fluctuations (Figures  11 and 12 ).
Conclusions
In this paper we demonstrated the striking effects of microscale anisotropy on hydraulic conductivity and transverse 
